Abstract The high-pressure shock wave data obtained in underground nuclear tests and highpower laser experiments are analyzed using a three-term equation of state and the Hugoniot relationship. Apart from the good agreement of the predicted results with experimental data related to samples Pb, Cu, and Au, an obvious deviation of the experimental data of the Fe sample from the corresponding numerical ones is found, and various comparisons of the data imply that the errors are likely to occur in the measurement rather than in the theoretical prediction. Plentiful data pertaining to a set of metal materials on shock adiabats reveal that there exists an asymptotic parabolic relationship between shock pressure or temperature and particle velocity for very strong shock waves, in contrast to the experimentally well-known linear relationship between shock wave velocity and particle velocity. All these are expounded physically in detail.
Introduction
The study of radiative and thermodynamic properties of high-energy-density plasmas has many applications in inertial confinement fusion and astrophysics. It requires knowledge of the plasma properties in extreme conditions of density and temperature. The thermodynamics and hydrodynamics of hot dense plasmas cannot be predicted without information of the equation of state (EOS) that describes how a material reacts to pressure [1, 2] . Experimental research into shock compressions upon many materials has been conducted in underground nuclear tests [3∼5] . High pressure can also be created in condensed matters by means of the absorption of high-power laser [3] or high-power X ray produced by Z pinch plasmas [6] , and all these constitute new ways to carry out high-pressure experiments in recent years. The equation of state for condensed matter is of fundamental importance to many problems in explosion dynamics and high-pressure physics, and is also indispensable for the simulation of nuclear explosion effects [7] . The total internal energy of condensed matter can be split into three components, i.e. the cold (elastic) energy produced by the pure compression of volume of a material, the ion thermal energy of lattice vibration and the electron thermal energy due to electron excitation [8] . The underlying concept of the EOS for condensed matter lies in the separate treatment of cold energy and thermal energy, so that different blocks of the EOS can be built independently. On the basis of these concepts, we have constructed a new threeterm EOS for condensed matters, called FCZH [9, 10] (Faussurier-Cowan-Zharkov), in which the Faussurier model for the electron thermal energy enabled us to include the electronic shell effect of atomic structure, and in the meantime the information of the ThomasFermi (TF) model under the extreme compression conditions was also comprised implicitly [11, 12] . The Cowan model for ion thermal energy took into account the Gruneisen equation and some other well-known empirical relationships [13] . The cold energy of material adopted some empirical formulae whose coefficients are given by fitting shock-wave experimental data [14] . The FCZH is a sort of semi-empirical equation of state for condensed matters, and is characterized by computational efficiency and functional agility. As for the historical development of the theoretical models for EOS and extensive comments on related experimental data, interested readers can refer to the up-to-date study of ROZSNYAI [15] .
In this paper we make use of the FCZH and the fundamental shock wave relationships at both sides of shock front to analyze the relationships between the particle and shock wave velocities of the compressed metals in underground nuclear tests and high-power laser-driven experiments. On one hand, the accuracy of the FCZH code can be checked against the experimental results; on the other hand, the experimental data can also be assessed with the help of the code. Thereafter, the code is employed to investigate the connection of pressure and temperature with the particle velocity behind the shock front for very strong shock waves and to search for some useful asymptotic relations, from which a reasonable estimate of experimental data can be obtained.
The resume of the equation of state and the shock relations
The model FCZH for condensed matter can be summarized by the following formulae [9, 10] 
where E(ρ, T, Z), p(ρ, T, Z) are respectively the total internal energy and the total pressure,
is the cold energy of material, p c Zh (ρ, Z) is the cold pressure, ρ is the mass density, T is the temperature, and Z the atomic weight. T r =300 K is assumed to be the room temperature which is used as a reference point so as to approximately calculate the electron thermal energy and electron thermal pressure [10, 11] . The physical quantities across a shock front are correlated through the following relationships obtained by using the conservation laws of mass, momentum and energy in hydrodynamic equations [16] 
In the above equations, ρ 0 , p 0 , E 0 and u 0 are respectively the mass density, total pressure, total internal energy and particle velocity ahead of the shock wave, ρ, p, E and u are the corresponding quantities behind the shock wave, and D is the shock wave velocity. Eq. (5) is the Hugoniot relationship, and the square of both sides of Eq. (4) is an equivalence of the Rayleigh line [16] . The left-hand sides of Eqs. (3) and (4) are purely kinematic quantities while the right-hand sides are purely thermodynamic. Experimentally, the kinematic quantities are measured more conveniently than the thermodynamic ones, so they are usually utilized to validate the theoretical model of the equation of state. Logically, all physical quantities can be determined uniquely once the ρ 0 , p 0 , E 0 , u 0 ahead of the shock wave and any one quantity behind the shock are known with the equations of state given beforehand. In what follows, the initial densities of metals are assumed to be equal to the normal solid densities at a room temperature of 300 K, and the initial particle velocities of metals are set to be equal to zero (u 0 = 0) throughout this paper. The temperature T behind the shock wave is an intermediate variable in the iteration procedure for solving theses equations. The conceptual framework for FCZH and some special numerical techniques required for solving the equations have been developed in Refs. [9, 10] and the references therein.
The analyses of the experimental data
A strong shock wave can be produced in a medium in underground nuclear tests. The shock experiment data [5] of metals Pb, Cu, and Fe are analyzed here. Now the emphasis is mainly laid on the relationship of the shock velocity with the particle velocity, while the thermodynamic quantities on the Hugoniot curve have been presented [10] and compared with the latest results of PORCHEROT et al [17] . The relationship between the shock velocity and particle velocity of the metal Pb and Cu on the shock adiabats is given in Figs. 1 and 2 , respectively, where the solid circle points denote the data obtained in underground nuclear tests [5] in which the maximal shock velocity was up to 27 km/s, and the hollow circle points come from the shock compression of metals with comparatively weak shock strengths [18] (see also [5] ). The solid line corresponds Fig.2 The particle velocity vs shock velocity for Cu on the Hugoniot curve. The experimental results are extracted from Ref. [5] to our results calculated by the FCZH. The theoretically predicted data agree well with the experimental data on the Hugoniot curve, and a small departure occurs at very strong shock velocity in which the measured shock velocities are slightly larger than the calculated velocities.
A comparison between the experimental and calculated data for the Fe sample is presented in Fig. 3 , to which the calculated results by the code AJC of PAIN [1] are also attached. We can see from Fig. 3 that the data calculated by the FCZH (solid line) are in agreement with that calculated by the AJC (dotted line) over the whole range. All calculated data are also consistent with the shock experiments in lower-strength cases [5, 18] (hollow circle points of Fig. 3) . However, the data (solid circle points of Fig. 3 ) for the Fe sample in underground nuclear explosion tests [5] have a remarkable departure from the predictions of the two codes, and do not coincide with the low-strength shock experimental results as well. The cold energy and cold pressure of the FCZH come from those formulae that were derived from the fitting of a lot of experimental results (we adopted the fitting formulae and their parameters in Table I of Appendix 6 of Ref. [14] for the cold energy and cold pressure of Fe sample), and its prediction for lower strength shock waves is undoubtedly reliable. The data from underground nuclear tests should agree with the others at least in the range of the lower-velocity shock case even if there might be a larger error in the thermal energy components of the FCZH, because the cold component dominates all thermal components in this range [8] . Based on the foregoing argument and the data comparisons for Pb and Cu in Figs. 1 and 2 , we tentatively infer that there were some errors in the measurements of the experimental data for the Fe sample in underground nuclear detonations. There exist two possibilities: first, the shock velocities in the Fe sample were accurately measured but the measured particle velocities were lower than the actual values, because all solid circle points in Fig. 3 would coincide with the others if these solid points move approximately 4 km/s to the right side; second, the measured particle velocities were exact but the shock speeds could be higher, because these points would fall on the lines corresponding to the other data if they move downward approximately 4 km/s. The assertion is, of course, kind of conjecture from an intuition. In fact, one can see an appreciable spread in the experimental data for the Fe sample at lower shock strengths [15, 19] , and therefore the above inference is partly based on the experimental evidence, but not purely on the calculations.
The comparison of the predicted data by the FCZH with the experimental results [20] for sample Au in highpower laser-driven shock experiments is presented in Fig. 4 . Apart from the experimental data, Fig. 4 also presents the prediction by the QEOS [4] . The relationship of shock pressure p with particle velocity u behind the shock front is investigated now, where the maximal laser-driven shock pressure was up to 100 Mbar [20] , and these data may be the most accurate in recent years. The experiments were performed using the Asterix iodine laser of the Max Planck Institut für Quantenoptik, which delivered a single beam, 30 cm in diameter, with an energy of 250 J per pulse at a wavelength of 0.44 µm. The predicted data of both codes (solid and dashed lines in Fig. 4 ) are nearly the same over the whole range, and also agree with the experimental results except for lower particle velocity cases, in which the measured data disperse and also depart from the theoretical predictions, but their agreement gradually improves in higher-velocity cases. 4 The relationship of shock temperature and pressure with particle velocity
In order to extend the application scope of the code FCZH and to investigate some possible trends that may exist, the data calculated by FCZH need to be further tested by quite strong shock waves. The numerical results by FCZH for a high-speed shock can be compared only with that by AJC [1] since the experimental data in this range are not easily available. Fig. 5 presents the (D − u) versus u for metals Be and Al. We can see from Fig. 5 that the numerical results of both codes nearly coincide with each other and that to some extent the reliability of the FCZH's prediction is assured in the very high shock wave case. In what follows, a large amount of computation has been carried out pertaining to a set of metal materials, Be, Fe, Ag, Au and Pb, by using the FCZH so as to investigate the relationship between shock velocity and particle velocity behind the shock front, and the results are given in Fig. 6 . Firstly, an approximate linear relationship of the shock velocity with the particle velocity can be observed in Fig. 6 , and this phenomena demonstrates numerically the well-known empirical formula D = a + λu whose parameters of a and λ had been fitted based on particular materials in different ranges, and listed in the form of tables [5, 14] . Secondly, the trend that the shock velocity is increasing with increasing atomic number under the condition of the same particle velocity is accordant with the experimental results (see Table 19 .8 of Ref. [5] ). The slopes in Fig. 6 are approximately approaching the same value independent of the particular atomic numbers of the materials. The limiting slope can easily be estimated as follows: Dividing Eq. (4) by Eq. (3) yields D/u = 1/(1 − ρ 0 /ρ), so that D/u ≈ λ → 4/3 due to ρ/ρ 0 → 4 when D or u approaches infinity (see Fig. 8 ). This value can be compared with the experimental data in Table 19 .5 of Ref. [5] . The relationships of the temperature T and the compression ratio of density ρ/ρ 0 versus the particle velocity u for Be, Fe, Ag, Au, and Pb on the Hugoniot curve are shown in Figs. 7 and 8 , respectively. For the same particle velocity in Fig. 7 , the temperature on the Hugoniot curve increases with increasing atomic number. The compression ratio of density on the shock adiabats exhibits oscillatory behavior as the particle velocity is increasing, and then approaches a constant of 4. The oscillation of the compression ratio with the increase of particle velocity reflects the electronic shell structure [1, 9] , whereas the limiting value of the compression ratio corresponds to the state of the ideal gas. This result is of critical importance to the discussion below. Some interesting phenomena, if comparisons of Figs. 4 and 6 with Fig. 7 are made, can be observed that the dependence of p and T on the particle velocity along the Hugoniot curve is approximately parabolic rather than linear, in contrast to the relationship between shock velocity and particle velocity as u → ∞. The clue to the understanding of this trend should be sought from extreme physical conditions. This approximately parabolic relationship can be explained by utilizing the fundamental shock wave relationships of Eqs. (3) and (4) and the asymptotic behavior of the compression ratio of density in Fig. 8 . The simple algebraic manipulation on Eqs. (3) and (4) Fig. 8 ). The asymptotic expression u 2 ∝ T can be obtained if we consider that any material will be fully ionized into an ideal gas and that the density is asymptotically constant on the Hugoniot curve when the shock strength becomes extremely strong. A similar dependence holds true for the relationship of temperature versus the shock velocity because of D ∝ u in the limiting case. 
Summary and conclusion
The analyses of the measured shock wave and particle velocities in Pb, Cu, and Fe samples, obtained in underground nuclear explosion-driven shock experiments, have been carried out by using the three-term equation of state called FCZH and the three fundamental shock wave relationships. The predictions of shock wave data pertaining to Pb and Cu agree quite well with the corresponding experiments, but an appreciable discrepancy exists for the Fe sample. On the basic concepts of the three-term equation of state and by the observation and comparison of some experimental data and computational ones, we guess that the measurements of the shock data for the Fe sample might contain some errors and that their precision needs to be further confirmed experimentally. In addition, the predicted data of the Au sample by the FCZH are very close to the measured results in the high-power laserdriven shock experiments, and also agree quite well with the prediction from the QEOS.
A sequence of calculations of the physical quantities on the Hugoniot curves for Be, Fe, Ag, Au, and Pb show that approximate linearity between shock wave velocity and particle velocity is valid for these metals, and an asymptotic parabolic relationship between the temperature or pressure versus the particle velocity is revealed in the case of a very strong shock wave. Under the same particle velocity or shock velocity, the temperature on the Hugoniot curve increases with increasing atomic number of materials. All these conclusions may be helpful to the understanding and assessment of measured data in strong shock wave experiments.
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